The cadherin superfamily encodes more than 100 receptors with diverse functions in tissue development and homeostasis. Classical cadherins mediate adhesion by binding interactions that depend on their N-terminal extracellular cadherin (EC) domains, which swap Nterminal β-strands. Sequence alignments suggest that the strandswap binding mode is not commonly used by functionally divergent cadherins. Here, we have determined the structure of the EC1-EC2 domains of cadherin 23 (CDH23), which binds to protocadherin 15 (PCDH15) to form tip links of mechanosensory hair cells. Unlike classical cadherins, the CDH23 N terminus contains polar amino acids that bind Ca 2+ . The N terminus of PCDH15 also contains polar amino acids. Mutations in polar amino acids within EC1 of CDH23 and PCDH15 abolish interaction between the two cadherins. PCDH21 and PCDH24 contain similarly charged N termini, suggesting that a subset of cadherins share a common interaction mechanism that differs from the strand-swap binding mode of classical cadherins.
The cadherin superfamily encodes more than 100 receptors with diverse functions in tissue development and homeostasis. Classical cadherins mediate adhesion by binding interactions that depend on their N-terminal extracellular cadherin (EC) domains, which swap Nterminal β-strands. Sequence alignments suggest that the strandswap binding mode is not commonly used by functionally divergent cadherins. Here, we have determined the structure of the EC1-EC2 domains of cadherin 23 (CDH23), which binds to protocadherin 15 (PCDH15) to form tip links of mechanosensory hair cells. Unlike classical cadherins, the CDH23 N terminus contains polar amino acids that bind Ca 2+ . The N terminus of PCDH15 also contains polar amino acids. Mutations in polar amino acids within EC1 of CDH23 and PCDH15 abolish interaction between the two cadherins. PCDH21 and PCDH24 contain similarly charged N termini, suggesting that a subset of cadherins share a common interaction mechanism that differs from the strand-swap binding mode of classical cadherins.
hair cell | tip link | hair cell | PCDH21 | PCDH24 T he organization of cells into tissues and organs depends on cadherin molecules that regulate such diverse processes as cell adhesion, synapse formation, and the development and function of sensory cells in the inner ear and retina (1) (2) (3) (4) . The defining feature of the cadherin superfamily is the extracellular cadherin (EC) domain, which occurs in varying repetitions in all cadherins. Based on sequence homology and domain structure, cadherins are divided into subfamilies including the classical cadherins, desmosomal cadherins, seven transmembrane cadherins, and protocadherins. Classical cadherins and desmosomal cadherins are the best-studied superfamily members and have well-documented roles in mediating cell adhesion and the formation of desmosomes, respectively (1) (2) (3) (4) . The function and adhesive properties of other cadherin superfamily members are less well studied.
Crystallographic and biochemical studies have provided insights into the structure of cadherin extracellular domains and the mechanism that mediates adhesion between classical cadherins (5-13). The EC domain forms a protein module of the Ig-like fold consisting of seven β-strands that are arranged as two opposed β-sheets. The Nand C termini reside on opposite ends of the EC domain, facilitating the formation of tandem repeats. The connections between successive EC domains are rigidified by coordination of three Ca 2+ ions, which is mediated by amino acids that are conserved in all cadherins (5, 9, 14) . Adhesion specificity resides in the EC1 domains. The crystallographic structures show that the adhesive binding interface is formed by "swapping" of the amino-terminal β-strands of opposite EC1 domains, whereby the strand of one monomer replaces the strand of the other. Critical for this interaction are the side chains of conserved Trp residues, which fit into hydrophobic pockets on the EC1 domain of the binding partner (5, 8, 10) .
Recent findings suggest that the formation of cadherin adhesion complexes is a multistep process, where cadherins establish a so called "X-dimer" intermediate that facilitates the subsequent formation of the strand-swapped dimer (7). The intermediate is called X-dimer because the dimeric assembly of the elongated molecules resembles the shape of an X. Residues near the EC1-EC2 Ca 2+ binding sites mediate X-dimer formation. Earlier crystallographic studies of E-cadherin fragments containing small N-terminal extensions revealed a similar X-dimer structure (9, 11) , which likely reflected these binding intermediates. T-cadherin contains the conserved residues near the EC1-EC2 Ca 2+ binding sites but lacks strand-swapping signatures. Crystallographic studies of EC1-EC2 of T-cadherin reveal an X-dimer structure, suggesting that this cadherin interacts by this binding mode alone (6) .
We have recently shown that two cadherin superfamily members, CDH23 and PCDH15, interact to form tip links, which gate mechanotransduction channels in hair cells of the inner ear (15) . The two cadherins are also expressed in retinal photoreceptors, and mutations in their genes lead to deaf-blindness in humans (1, 16) . Unlike adhesion complexes between cells, tip links do not contain thousands of cadherin molecules and are instead formed by one CDH23 homodimer interacting in trans with one PCDH15 homodimer (15) . The EC1 domains of CDH23 and PCDH15 mediate binding interactions, but CDH23 and PCDH15 lack strand-swapping signatures, suggesting that they interact by a mechanism different from classical cadherins. We therefore set out to gain insights into the structure and binding mechanism of tip-link cadherins.
Results

Structure of the N-terminal EC1-EC2 Domains of CDH23 Reveals
Unique Features Not Shared with Classical Cadherins. CDH23 from different species lacks Trp residues that are conserved in classical cadherins, but contains an N-terminal extension (Fig. 1A) , suggesting that CDH23 mediates adhesive interactions by a mechanism different from classical cadherins. To test this model, we first determined the crystal structure of the EC1-EC2 fragment of mouse CDH23 at a resolution of 1.1 Å (Fig. 1 B and C and Table S1 ; PDB ID 3MVS). Numberings in sequences throughout the manuscript start with the first amino acid of the mature CDH23 EC1 domain (Glu1). The EC1-EC2 fragment was expressed in Escherichia coli with an affinity tag, which was removed before crystallization. Analysis by size exclusion chromatography showed that the protein fragment behaved as a monomer in solution. EC1 and EC2 domains of CDH23 have 22.8% sequence identity, and our structural analyses show that they have characteristic cadherin domain Author contributions: H.M.E., P. Kazmierczak, P.C., J.S.J., A.K., and U.M. designed research; H.M.E., P. Kazmierczak, P.C., J.S.J., and A.K. performed research; H.M.E., P. Kazmierczak, P.C., J.S.J., A.K., P. Kuhn, and U.M. analyzed data; and P. Kuhn and U.M. wrote the paper.
The authors declare no conflict of interest. topology consisting of a sandwich of two β-sheets possessing three (A, G, and F) and four (B, E, D, and C) β-strands, respectively. Unlike in previously reported EC domain structures, there is also an α-helix between strands C and D of EC1 ( Fig. 1 B and C) .
Typical of cadherins, the Ca 2+ binding sites in the interdomain region between EC1 and EC2 are conserved and contain three Ca 2+ ions (Ca1, Ca2, and Ca3) (Fig. 1B) . Two additional Ca 2+ ions are observed at the C-terminal end of EC2 (Ca4 and Ca5) (Fig. 2B) . Superimposition of EC2 onto EC1 indicates that the positions of Ca4 and Ca5 correspond to those of Ca1 and Ca2, suggesting that these constitute interdomain Ca 2+ binding sites between EC2 and EC3 ( Fig. 2A) . Importantly, an additional Ca 2+ ion (Ca0) is observed on the very tip of EC1 (Figs. 1B and 2B ). The structure of the CDH23 EC1-EC2 domains cocrystallized with 2 mM europium (III) nitrate had Ca0 replaced by Eu atoms (Fig. 1C) , indicating that this Ca 2+ ion is bound with lower affinity than the Ca 2+ ions between EC domains. Ca4 was also replaced by Eu (Fig. 1C ), but lower binding affinity might be a consequence of the expression of a CDH23 molecule truncated after EC2.
The presence of Ca0 at the N terminus is a unique feature not reported for any other cadherin. The residues that ligand Ca 2+ are Asn3, Arg4, Asp36, Asp38, Asp40, and Asp86 ( Fig. 2B ) and resemble Ca3 in the linker region between EC1 and EC2. The N-terminal Ca 2+ ion functions to "lock down" the N terminus that in classical cadherins is free to interact with a neighboring EC1 in strand exchange, ruling out a common trans interaction mechanism for classical cadherins and CDH23.
An additional unique feature of our structure compared with previously published structures of classical cadherins is that the CDH23 EC1-EC2 junction is essentially linear (Fig. 3 A and B) . Classical cadherins such as C-cadherin have a significant bend angle between EC domains, which gives a pronounced twist to the molecule ( Fig. 3 A and B) (5). As tip links appear in the electron microscope as linear molecules (17), the linear alignment of CDH23 EC1-EC2 might have important functional implications. However, it should be noted that in native tip links, the extracellular domains of two CDH23 domains align in cis, which could lead to structural changes that affect the bend angle between the EC1 and EC2 domains. Amino Acids That Bind Calcium Are Required for trans Interactions Between CDH23 and PCDH15. Tip links are formed by CDH23 homodimers, which interact in trans with PCDH15 homodimers to form extended filaments (15) . As the EC1 domains of CDH23 and PCDH15 mediate interaction, we reasoned that amino acids binding Ca 2+ at the N-terminal tip of EC1 might be important to stabilize interactions between the two cadherins. To test this model, we carried out protein interaction assays with wild-type and mutant proteins following our previously established procedures (15) . We generated six recombinant CDH23 molecules carrying mutations that replaced each of the amino acids binding Ca 2+ (Asn3, Arg4, Asp36, Asp38, Asp40, and Asp86) with Ile (referred to as N3I, R4I, D36I, D38I, D40I, and D86I) (Fig. 4A) . We also engineered a double mutation replacing both Asn3 and Arg4 with Ile (referred to as NR2I), and a triple mutation replacing Asp36, Asp38, and Asp40 with Ile (referred to as 3D3I) (Fig. 4A) . These mutations were engineered in CDH23 constructs consisting of the EC1-EC11 domain of CDH23 fused to the Fc domain of the Ig heavy chain (CDH23-Fc). For interaction studies, we used an additional construct consisting of the extracellular domain of PCDH15 fused to a His-tag (PCDH15-His) (Fig. 4A) .
The fusion constructs were independently expressed in HEK293 cells and harvested from their supernatant. The proteins were then mixed and protein complexes were isolated using Ni-NTA beads, which bind to the His-tag but not the Fc-tag. In agreement with earlier findings (15), Western blot analysis revealed that wild-type CDH23-Fc efficiently interacted with PCDH15-His (Fig. 4B) . In contrast, single mutations in Asn3 and Arg4 of CDH23 reduced interactions; a double mutation of Asn3 and Arg4 nearly abolished interactions (Fig. 4 B and C) . However, single mutations in Asp36, Asp38, Asp40, and Asp86 had no effect (Fig. 3B) . Finally, the triple mutation in Asp36, Asp38, and Asp40 did not affect interactions either (Fig. 3B) . We therefore conclude that Asn3 and Arg4 are essential for interactions between CDH23 and PCDH15.
The N terminus of the EC1 domain of PCDH15 also contains an N-terminal extension containing several polar amino acids that are conserved across species ( Fig. 5A ; note that the WxYEx motif is encoded by a mini exon; the respective splice variant might have so far escaped detection in chickens). We reasoned that these amino acids might participate in Ca 2+ binding and might be required for trans interactions between CDH23 and PCDH15. We therefore mutated polar amino acids in the PCDH15 EC1 domain to Ile or Ala (Fig. 5B) . The mutations were engineered in a PCDH15-Fc construct consisting of the first three EC domains of PCDH15 (Fig.  5B ) and expressed in HEK293 cells. Only some of the constructs were expressed successfully and we used them for pull-down experiments. In one construct, we replaced both Glu9 and Asp10 with Ile and Ala (ED2IA). One additional construct contained triple mutations replacing Asp3, Asp4, and Asp5 with Ala and Ile (3DAIA). A final construct that was successfully expressed contained a point mutation converting Asp37 to Ile (D37I). Mutation of Glu10 and Asp11 reduced interactions with CDH23, whereas the other mutations had no detectable effect.
Binding Interactions of PCDH15 with Cr-2 Cadherins. Cadherins have recently been grouped into subfamilies based on sequence homology between EC1 domains (18) . In this alignment, CDH23 groups together with PCDH21 and PCDH24 in the Cr-2 branch of the superfamily. Analysis of the aligned sequences revealed that Asn3, which is required for efficient interactions between CDH23 and PCDH15, as well as other amino acids that potentially bind Ca 2+ , are conserved at the N terminus of the Cr-2 cadherins (Fig. 6A) . Homology modeling of the sequence of the EC1-EC2 domains of PCDH21 and PCDH24 on the structure of the CDH23 EC1-EC2 domains supports high conservation in the folding of EC1-EC2. The Ca 2+ binding motif at the N terminus and structurally important side chains of amino acids that point to the interior of the EC domains are conserved between CDH23, PCDH21, and PCDH24 (Fig. 6B) . These findings suggest that Cr-2 cadherins might use a common binding mechanism during the establishment of adhesion complexes.
CDH1 -----------------DWVIPPISCPENEKGE 16 CDH2 -----------------DWVIPPINLPENSRGP
Discussion
We have previously shown that CDH23 and PCDH15 interact to form tip links in mechanosensory hair cells of the inner ear (15) . These filaments differ in several important ways from adhesion complexes formed by classical cadherins, suggesting that they might interact by a specialized mechanism. First, whereas adhesion complexes between cells consist of hundreds if not thousands of molecules, a tip link only contains one CDH23 homodimer interacting with one PCDH15 homodimer (15) . Second, unlike homodimers of classical cadherins, which align in cis by contacts formed only between the EC1 and EC2 domains, two CDH23 molecules align along large parts of their extracellular domain to form closely intertwined dimers; a similar cis alignment is observed for the extracellular domains of PCDH15 molecules (15) . Third, tip links likely sustain substantial mechanical force during stimulation of hair cells, suggesting that their structure and adhesive surface is designed to sustain such forces.
The findings that we present here now support the view that CDH23 and PCDH15 interact by a mechanism that differs from the mechanism by which classical cadherins form trans interactions. Key signature features of the strand-swap binding interface such as Trp2 and their binding pockets that are characteristic for classical cadherins are not conserved in the EC1 domains of CDH23 and PCDH15. In contrast, both CDH23 and PCDH15 contain N-terminal extensions that contain polar amino acids. PCDH15 also contains a cysteine close to the N terminus. Our structural studies on CDH23 show that the polar residues near the N terminus of the EC domain bind a Ca 2+ ion. When the most Nterminal polar amino acids of CDH23 and PCDH15 are substituted with a hydrophobic amino acid (Ile), interactions between CDH23 and PCDH15 are affected. The effect of the mutations can be explained in different ways (Fig. 6C) . As one possibility, binding of Ca 2+ might be required to clamp down the N terminus of the EC1 domains and expose a specific binding surface. In support of this model, mutations in Asn3 or Arg4, which are positioned on the same surface of the N-terminal EC1 domain, affect binding to PCDH15. Asn3 and Arg4 might therefore form an intimate part of the interaction surface between CDH23 and PCDH15 (Fig. 6A) .
However, an exciting alternative mechanism would be that during the formation of a stable complex between CDH23 and PCDH15, a rearrangement occurs in the N terminus of both CDH23 and PCDH15, leading to exposure of the Ca 2+ ion and its binding by polar amino acids in CDH23 and PCDH15 across the adhesion surface. The Cys near the N terminus of PCDH15 (Fig. 5A ) might help to align the two EC1 domains of PCDH15 by disulfide bonding, leading to the proper positioning of polar amino acids (Fig. 6C) . This model would in some regards resemble the strand-swapping model for classical cadherins, where Trp residues become exposed during the formation of adhesion complexes to stabilize trans interactions (19) . It should also be noted that we have previously shown that PCDH15 and CDH23 bind to each other even in the presence of as little as 0.1 mM Ca 2+ , the lowest Ca 2+ concentration tested (15) . The binding experiments between mutant version of CDH23 and PCDH15 that we have described here were carried out in 1 mM Ca
2+
. It can at present not be excluded that some of the mutations that did still mediate interactions in 1 mM Ca
, might lead to adhesive defects when tested at lower Ca 2+ concentration. These experiments, as well as further crystallographic experiments and NMR studies will be essential to ultimately define the precise binding mechanism that mediates interactions between CDH23 and PCDH15.
The presence of a Ca 2+ binding motif at the N terminus of CDH23 could play important roles in the dynamic control of the adhesive properties of tip-link cadherins. Unlike Ca 2+ ions at the junction between EC1 and EC2, the N-terminal Ca 2+ ion is readily replaced with Eu, suggesting that it is bound with lower affinity. The Ca 2+ concentration could therefore significantly affect the formation and stability of adhesion complexes, especially in the endolymph that surrounds tip links, which has a comparatively low Ca 2+ concentration (20, 21) . The N-terminal Ca 2+ binding motif might under certain conditions only be partially occupied. The presence of the Ca 2+ motif at the N terminus might also explain why tip links are lost upon treatment with BAPTA (22) . However, BAPTA treatment is expected to affect Ca 2+ molecules at the interface between EC domains throughout the cadherin extracellular domains as well.
Previous sequence alignments that were based on the EC1 domains of cadherins have placed CDH23, PCDH21, and PCDH24 into the Cr-2 branch of the cadherin superfamily (18) . Relative to the EC1 domain of classical cadherins, all Cr-2 cadherins contain an extension at the N terminus of EC1 that contains polar amino acids. Our sequence alignments and molecular modeling studies suggest that the EC1-EC2 domains of CDH23, PCDH21, and PDCH24 fold in similar ways with a strategically positioned Ca 2+ binding site at the tip of EC1, reinforcing the concept that CDH23, PCDH21, and PCDH24 form a structural subclass within the cadherins superfamily. PCDH15 belongs to the Cr-3 subfamily, which also contains an N-terminal extension (18) . It will be important to determine whether other Cr-3 cadherins also bind Cr-2 cadherins. Interestingly, mutations in CDH23, PCDH15, and PCDH21 have been linked to retinal disease in humans (23) (24) (25) (26) (27) (28) . An intriguing possibility is that there might be a functional link between these cadherins, possibly through the formation of heteromeric adhesion complexes between Cr-2 and Cr-3 family members. Mutations in CDH23 and PCDH15, but not in PCDH21 and PCDH24, have also been linked to auditory impairment (23, 26, 27, 29) , suggesting that some of these heterophilic adhesion complexes might have tissuespecific functions.
Materials and Methods
Protein Preparation. A DNA fragment containing the N-terminal amino acid residues 24-236 (EC1-EC2) of cadherin 23 was obtained by PCR using the forward primer 5′-GGAATTCCATATGCAGGTGAACCGACTACCTTTCTTC-3′ and the reverse primer 5′-GGTGGTTGCTCTTCCGCAGAAGATAGGATCCATGTC-TTGCATGTCC-3′. The fragment was cloned into the pTXB1 vector (New England Biolabs) using the restriction sites NdeI and SapI. The pTXB1 attached the Mxe GyrA intein tag at the C terminus and of EC2. The tag contains an Nterminal cysteine residue that allows for thiol-induced cleavage. The construct was expressed in T7 Express Competent Cells (New England Biolabs). Pellets were lysed in 20 mM Tris-HCl, pH 8.5, 200 mM NaCl, 1 mM CaCl 2 , 0.1% Triton X-100, 100 μM PMSF, and 1/50 mL tablet of Complete EDTA-free protease inhibitor tablets (Roche). Lysates were sonicated and purified with chitin beads (New England Biolabs) and the intein tag was cleaved overnight in 20 mM Tris-HCl, pH 8.5, 200 mM NaCl, 1 mM CaCl 2 , and 50 mM DTT. CDH23 EC1-EC2 was purified and concentrated in a desalting buffer of 1 mM CaCl 2 and 50 mM Tris-HCl, pH 8.5 in ddH2O to a concentration of 6.9 mg/mL.
Crystallization and Data Collection. CDH23 EC1-EC2 was crystallized using the nanodrop vapor diffusion method (30) . Drops (200 nL of 6.9 mg/mL protein in 1 mM CaCl 2 , 50 mM Tris-HCl, pH 8.5 plus 200 nL crystallant) were dispensed into 96-well Innovaplate SD-2 crystallization plates using an Innovadyne liquid-handling robot. Within 10 days at 20°C, crystals (100 μm by 30 μm by 10 μm) were obtained in 22.5% ethylene glycol and 0.2 M NDSB-201. A native 1.1-Å data set (at a wavelength of 0.95369 Å) was collected on beamline 9-2 at the Stanford Synchrotron Radiation Laboratory. Native protein was cocrystallized with europium (III) nitrate hexahydrate (2 mM final concentration) in 10 mM betaine HCl and 10 mM β-nicotinamide adenine dinucleotide hydrate. Crystals were flash frozen in liquid nitrogen without additional cryoprotection. Single-wavelength anomalous diffraction (SAD) data were collected to 2.5 Å on a Eu-derivatized crystal at the same beam line at a wavelength of 1.7759 Å (peak wavelength of the Eu L-3 absorption edge). The BLU-ICE (31) software interface was use for data collection (remote access), and diffraction data were processed with HKL2000 (32) . The space group of the crystals was P21. The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID code 3MVS).
Structure Determination and Refinement. Initial phases were obtained by SAD phasing with the 2.5-Å europium derivative data set at the Eu peak wavelength using the program SOLVE (33) . Two Eu sites were found with 44% occupancy. The resulting phases had a figure of merit of 0.76 after density modification using RESOLVE. The SAD phases were merged, improved, and extended using the 1.1-Å native data set using the programs CAD and DM within the CCP4 package (34), assuming 1 monomer in the asymmetric unit (Matthews coefficient 2.35, solvent content 47.7%). Automated model building using Arp/wARP in CCP4 (34) traced most of the structure. The rest was manually built into the density using Coot (35) and refined against the high-resolution native data with iterative rounds of model building and refinement using Refmac5 within CCP4 (34) . A summary of data collection and refinement statistics is shown in Table S1 . The stereochemical quality of the final refined model was checked using the structure validation suite Quality Control Check v2.6 (http://smb.slac.stanford.edu/jcsg/QC/), and ribbon diagrams were made using Pymol (10) . The coordinates and the structure factors have been deposited in the PDB.
Binding Assays. DNA constructs were generated by PCR and expressed in HEK293 cells as described (15) . For binding assays, His-tagged proteins were incubated with Fc-tagged proteins, complexes were purified with Ni-NTA beads, and analyzed by Western blotting as described (15) .
